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摘  要 
WHO 2016 年结核病全球报告指出，结核病已成为死亡率高于艾滋病
(HIV/AIDS)的全球性高危致死性疾病。随着全球耐多药结核菌株的出现和蔓延，
寻找新药物靶标蛋白和研发抗结核新药已成为近些年研究的热点。抗结核一线药
物吡嗪酰胺，可以将治疗周期由传统的 9-12 个月缩短为 6 个月，尽管它在临床
上使用 60 多年，然而直到近期才发现它主要是通过其生理活性形式吡嗪酸来发
挥抗菌治病功能，即：吡嗪酸通过特异性地结合核糖体蛋白 MtRpsA 的 C 端结
构域，抑制 tmRNA 与 MtRpsA 相互作用，从而导致拯救受困核糖体的反式翻译
过程终止，使细胞凋亡。目前，POA 与 MtRpsA 的 C 端结构域相互作用的复合
物晶体结构已经被解析，交联实验也已证明 POA 可以有效抑制 tmRNA 与
MtRpsACTD 的相互作用，然而，POA 如何影响 MtRpsA 的动力学及反式翻译过
程中 tmRNA 如何与 MtRpsA 相互作用的分子机制至今尚待研究。 
本论文旨在利用多维核磁共振等技术研究反式翻译过程中 tmRNA、POA 与
MtRpsA 相互作用，进而揭示 POA 参与抑制 tmRNA 与 MtRpsA 相互作用的结构
基础，从而为新药研发提供理论依据。 
本论文首先对全长 MtRpsA 蛋白进行了克隆、表达、纯化条件的探索及理化
性质的表征。通过构建表达载体，优化蛋白表达条件和纯化条件实验，最终获得
了可用一步亲和纯化和一步凝胶色谱纯化就可制得纯度高达 95%、均一、稳定的
MtRpsA1-481 蛋白。在此基础上，运用动态光散射、圆二色谱及 NMR 技术对蛋白
的理化性质进行表征，筛选出蛋白的最适缓冲液，为深入研究全长 MtRpsA 与
POA 的分子作用机制奠定基础。 
接着，我们运用多维 NMR 技术，研究了 POA 作用的功能结构域 MtRpsACTD
的结构、功能及动力学。结果表明：滴定 POA 不仅可以改变 MtRpsACTD 与 POA
相互作用氨基酸的化学环境，而且还对部分非结合区氨基酸的化学环境产生了诱
导的变构效应。对比分析滴定 POA 前后的 MtRpsACTD 的动力学谱的各种动力学
参数，我们发现：尽管 POA 没有改变 MtRpsACTD 蛋白的整体刚性结构，却对其
内运动产生巨大影响。 
最后，我们研究了 MtRpsACTD 蛋白与 3 个特殊的 RNAs (poly(A), sMLD, and 
pre-sMLD)的相互作用。NMR 滴定结果表明 RNA 的结合位点主要位于
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MtRpsACTD 蛋白的 S1 结构域的 β2，β3 和 β5 及 L3 上。荧光滴定结果表明
MtRpsACTD 与 RNAs 相互作用的结合强度处于m 量级。序列比对结果表明
MtRpsACTD 与 RNAs 相互作用主要是由保守的氨基酸介导的。对接结果表明
tmRNA的 poly(A)-like sequence和 sMLD共同介导了 tmRNA和蛋白的相互作用，
主要的作用力是电荷相互作用及氢键相互作用。分析比对 POA 及 RNAs 与
MtRpsACTD 的相互作用，我们发现 POA 与 RNA 和 MtRpsACTD 相互作用强度均
在M 量级，位点类似主要分布在 S1 domain 的 β2，β3 和 β5 上，这间接证明了
POA 与 RNA 两者之间属于竞争性结合 MtRpsACTD 关系。 
本论文的研究结果不仅加深了我们对 POA 与 MtRpsA 及 tmRNA 与 MtRpsA
相互作用机制的了解，也将为后续基于 MtRpsA 与 POA/tmRNA 相互作用的药物
设计提供了理论基础。 
 
关键词：结核病；反式翻译；核糖体蛋白 MtRpsA；吡嗪酸；tmRNA
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Abstract 
Global tuberculosis report for 2016 noted that tuberculosis had hold the highest 
mortality than HIV/AIDS, remained one of the top 10 causes of death worldwide in 
2015, while Mycobacterium tuberculosis (Mtb) is a pervasive human pathogen that 
causes tuberculosis (TB). Therefore, the identification of new targets in Mtb that 
might be inhibited to effectively kill the existing strains is now a global pursuit. 
Pyrazinamide (PZA), the first-line anti-tuberculosis drug, has been used in clinic for 
more than 60 years, with its prominent feature that can shorten the treatment period of 
TB from 9-12 months to 6 months. Recently, it found that pyrazinoic acid (POA), the 
active form of PZA, binds to the C-terminus of the ribosomal protein (MtRpsACTD) 
and inhibits trans-translation, which is essential for cell survival under stressful 
condition. To explore the nature of the MtRpsA-POA interaction and why POA 
exhibits an exquisite specificity to MtRpsA, the crystal structures of the MtRpsACTD 
alone and in complex with POA have been obtained. The results show that pyrazinoic 
acid can target the fourth S1 domian of MtRpsA to block the interaction of 
MtRpsA-tmRNA. However, it remains elusive how POA affects the dynamics of 
MtRpsA and how MtRpsA interacts with tmRNA, the molecular mechanism that is 
essential for understanding the MtRpsA function in trans-translation. 
In this study, we attempted to investigate the interactions of MtRpsA with either 
POA or tmRNA respectively by using multi-dimensional heteronuclear NMR 
spectroscopy to obtain the the molecular mechanism of POA involved in the 
interaction between MtRpsA and tmRNA in trans-translation and provide theoretical 
basis for the designment of new anti-TB drugs. 
Firstly, we got the full-length MtRpsA protein and explored its physicochemical 
properties by using molecular biology method and biochemical technique. We 
constructed the recombinants of MtRpsA and optimized persistently expression and 
purification conditions. Finally, we obtained a stable and homogeneous MtRpsA 
sample by one-step affinity purification following with gel chromatography. 
Furthermore, the physicochemical properties of proteins were preliminarily studied by 
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using dynamic light scattering, circular chromatography and NMR technology. This 
work has laid the foundation for the further study of MtRpsA in trans-translation 
process. 
Then, we focused on the interaction between MtRpsACTD and POA, and how 
POA affects the dynamics of MtRpsACTD by using NMR HSQC titration. The results 
showed that the interaction between MtRpsACTD and POA is moderate. With the 
titrated POA being increased, the chemical shifting of the amino acids which involve 
the binding sites of POA-MtRpsACTD were perturbed obviously. At the same time, the 
chemical environments of a few unbinded residues were also changed due to the 
structural allosteric effect. The dynamic analysis revealed that POA did not change 
largely the overall rigidity structure property of the MtRpsACTD protein, but 
influenced its interior movement.  
Moreover, we analyzed the interaction of the C-terminal domain of MtRpsA with 
three RNA fragments poly(A), sMLD, and pre-sMLD. NMR titration analysis 
revealed that the RNA binding sites on MtRpsACTD are mainly located in the , 
and -strands and the adjacent L3 loop of the S1 domain. Fluorescence experiments 
determined the MtRpsACTD binding to RNAs are in the micromolar affinity range. 
Sequence analysis also revealed conserved residues in the mapped RNA binding 
regions. Docking model of MtRpsACTD-pre-sMLD showed poly(A)-like sequences 
and sMLD of MLD together mediated the interaction of tmRNA and protein, with 
charge and hydrogen bond interaction as the main interaction forces. All in all, results 
showed that POA competed with tmRNA to interact with MtRpsACTD, with which 
both had same binding affinities ranging in M and interaction binding sites. 
The findings not only provided the structural basis to explain how POA 
competed with tmRNA to interact with MtRpsACTD which blocks the trans-translation, 
but also provided the experimental data for the development of new anti-TB drugs 
and other new antibiotics. 
 
Keywords: tuberculosis; trans-translation; the ribosomal protein S1; POA; tmRNA.
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缩略词 
TB Tuberculosis 
AIDS Acquired Immunodeficiency Syndrome 
DR Drug-resistant 
MDR Multidrug-resistant 
Mtb Mycobacterium tuberculosis 
PZA Pyrazinamide 
PZase Pyrazinamidase 
POA Pyrazinoic acid 
MtRpsA Rv1630, The Ribosomal Protein S1 
tmRNA Transfer-massenger RNA 
TLD tRNA-like domain 
ORF Open-reading- frame 
MLD mRNA-like domain 
PCR Polymerase Chain Reaction 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
PMSF Phenylmethanesulfonyl Fluoride 
BSA Bine Serum Albumin 
FPLC Fast Performance Liquid Chromatography 
SDS-PAGE Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 
TEMED N,N,N,N-Tetramethyl-Ethylenediamime 
CD Circular Dichroism 
NMR Nuclear Magnetic Resonance 
HSQC Heteronuclear Single Quantum Correlation 
CSP Chemical Shift Perturbation 
PDB Protein Data Bank 
ppm Parts per Million 
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第一章 绪  论 
结核病(Tuberculosis, TB)是由结核分枝杆菌(Mycobacterium tuberculosis, Mtb)
感染引起的一种慢性传染病[1]。根据世界卫生组织(WHO)最新发布的 2016 年全
球结核病报告，截至 2015 年，世界范围内估计有 1040 万新发病例，结核病仍然
是死亡原因中排名前十名的疾病之一[2]。随着全球耐药(Drug-resistant, DR)和多耐
药(Multidrug-resistant, MDR)新菌株的出现和蔓延[3]，研究抗结核药物的药理机制、
改进现有药物、寻求新药靶以及研发新型的抗结核药物已被列入重要议程。 
 
1.1 抗结核一线药物吡嗪酰胺的药理机制研究现状 
吡嗪酰胺(Pyrazinamide, PZA)，又名氨甲酰基吡嗪，属于烟酰胺类似物[4]。
由 Walter 和 Dalmer 于 1936 年首次合成。与利福平[5, 6]一样，PZA 属于治疗结核
病的短程化疗中最高效的抗菌药物。尽管吡嗪酰胺在治疗结核病中已使用 60 多
年，但其抗菌的药理机制直到近些年才被揭示[7, 8]。研究发现：吡嗪酰胺在酸性
条件才能发挥其抗菌活性，且在 pH=7.0 以下，最低抑菌浓度值(MIC)与酸度存在
着正相关关系[9]。通常在生物体内，吡嗪酰胺首先通过被动运输进入 Mtb 细胞内，
在吡嗪酰胺酶(Pyrazinamidase, PZase)水解作用下[10]，转化为抗菌活性形式的吡嗪
酸(Pyrazinoic acid, POA)[11]。通过将 POA 与结核菌的全细胞裂解液进行结合，利
用质谱分析和数据库比对方法，Shi[12]等发现：与 POA 相结合的蛋白主要是
MtRpsA(Rv1630, the ribosomal protein S1)以及其他三个蛋白(Rv2731、Rv2783 和
Rv3169)，由于 MtRpsA 具有重要的生物学功能(MtRpsA 与 tm-RNA 作用，参与
蛋白翻译和反式翻译)，所以 Shi 团队深入研究了 POA 与 MtRpsA 的相互作用，
发现 POA 与 MtRpsA 相互作用可以阻断 MtRpsA 与 tm-RNA 的作用，从而抑制
核蛋白酶识别及降解细胞在应激条件下产生的 RNA 缺失体等，导致细胞中毒，
从而起到杀死细菌的作用。尽管我们课题组前不久已得到了与 MtRpsA 与 POA
复合物的晶体结构[13]，但目前仍缺乏 POA 与 MtRpsA 相互作用的动力学数据以
及 MtRpsA 与 tm-RNA 作用的结构细节，而这些正是本文的主要研究目标。 
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